Abstract-A fundamental challenge in realizing body-worn sensors is in providing an effective and long-lasting power supply. Issues regarding batteries have prompted researchers to investigate powering devices by extracting energy from the inertial movement of the human body. While previous studies have investigated the effect of generator location and wearer activity on harvestable power, they have not considered the orientation of the generator; this is the focus of this paper. Acceleration data collected across a sample population (10 participants) during different activities (walking and running) and generator location (five locations on the body) are presented. These data are processed to analyze the effect of orientation, and we find that it can significantly reduce the harvestable power. Subsequently, we propose and analyze how two degree-of-freedom generators can improve tolerance to rotation; results indicate that it can be improved by one order of magnitude.
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I. INTRODUCTION

D
EVELOPMENTS in ubiquitous computing and assistive technologies are expanding the possibilities of bodyworn sensing, and commercial interest in such technologies is continuing to grow [1] , [2] . To allow measurements over sustained periods of time, body-worn sensors are required to have long lifetimes; hence, there is a need to power them effectively and efficiently. While mobile devices such as smartphones and media players have average power requirements of tens to hundreds of milliwatts, typical body sensors require only tens to hundreds of microwatts [3] , [4] . Primary or secondary batteries are commonly used to satisfy these power demands. Batteries are energy constrained, that is, they are able to provide a finite amount of energy before they can no longer operate. Replacing or recharging batteries is often cumbersome and, in some cases, may not even be possible [4] . This results in devices having lifetimes limited by the battery capacity, which is typically relatively short due to a necessity for unobtrusiveness and wearability (hence lightweight and miniature devices).
electronic devices -has been gaining increased attention [4] . These energy sources are power constrained, that is they can theoretically provide unlimited energy over an infinite period of time, yet only very limited power can be obtained at any particular time. Such human-powered energy harvesters (referred to as microgenerators) can extract energy from a range of sources [5] , including body-heat [6] , forces directly applied by the body (for example footfall [7] , or joint movements [8] , [9] ), or the inertia of the human body [10] . It is the latter of these that we focus on in this paper.
Human-powered inertial microgenerators have been proposed in the literature [11] and, while some are designed to operate off-resonance [12] , the majority are resonant systems.
As the frequencies present in movement of the human body are typically below 4 Hz, a major challenge is posed to the design of resonant devices as their dimensions typically increase as the resonant frequency decreases [10] . Furthermore, the amplitudes and frequencies of these motions are not constant, requiring a microgenerator with a wide bandwidth to operate effectively. The majority of proposed microgenerators are sensitive to only forces in a single direction, referred to hereon as one degree-of-freedom (1-DOF) microgenerators. More recently, designs have been proposed for generators that are able to harvest energy from more than one axis. Techniques using two degree-of-freedom (2-DOF) microgenerators (those that do not have a single axis of excitation, but instead can harvest energy from motion in a plane) have demonstrated increased energy generation [13] - [15] .
A number of research studies have investigated the energy harvestable from the human body. While originally limited to the analysis of the energy that the body theoretical expends [16] , [17] , more recent studies have investigated the energy available from inertial forces during specific exercises and at a variety of locations on the body [18] . While many of these studies have considered contrived activities (for example a single 60-second period on a running machine) [19] , others have considered datasets obtained over many days and hence representing common activities of daily living [3] . Many studies have considered performance variation between different participants [20] , while others have considered the acceptable volume and weight at different mounting locations on the body [3] . While a rich analysis of the problem area has been performed, existing studies have only analyzed the available power in a limited number of sensitive directions; the most complete study independently considered each of the accelerometer's three Cartesian axes [3] ).
In this paper, we consider the effect on harvestable power of generator location (five locations on the body), human activity (walking and running) and variation within a population (ten different participants). While previous studies have also considered these effects, this is the first paper to also consider the effect of generator orientation and its relation with the other parameters. Through experimentally obtained data, we show that orientation is a significant issue particularly if, as would usually be the case, generator placement is influenced by the wearer (and hence may be susceptible to user error and differences in body-shape). Furthermore, we propose and analyze how 2-DOF generators can alleviate these problems and improve a generator's tolerance to orientation variation and different activities. We also investigate their ability to provide consistent operation over a range of different wearers.
The structure of this paper is as follows. In Section II we explain the experimental methodology for obtaining acceleration data. Section III outlines the analysis process for evaluating the effect of orientation on harvestable power. Section IV presents results from this analysis, showing the effect of orientation, location and activity on harvestable power and comparing the effectiveness of 1-DOF and 2-DOF microgenerators. Section V draws conclusions and identifies areas of future work.
II. EXPERIMENTAL DATA COLLECTION
As previously outlined, the aim of this research is to investigate the effect of activity, location and orientation on the obtainable power from a human-powered inertial microgenerator. Furthermore, we wish to analyze these for both 1-DOF and 2-DOF microgenerators and compare the results to understand if a 2-DOF microgenerator allows greater tolerance to rotation (commonly caused as a result of orientation offset as a result of different body-shapes or misalignment by the user).
To undertake this investigation, an experiment was devised to record acceleration data from a number of participants while they performed walking and running exercises. Tri-axial acceleration data were collected from different locations on the body, while participants performed these activities. Once collected, these data were first processed to simulate the effect of rotating a microgenerator, and then analyzed to obtain the theoretical maximum power. Ethical approval for the study Ten participants (8 male, 2 female; aged 24-33 yrs) were asked to run and walk on a treadmill. The limited age range sampled may affect the applicability of the results to a general population, however this would require further investigation to establish. In an attempt to ensure natural behavior, participants were asked to set the treadmill at a speed they found comfortable. This speed, and their resulting step rate (averaged over the full 30 second period), were recorded; the collected information is provided in Table 1 .
While each participant performed the exercises, they wore wireless tri-axial accelerometers (Microstrain G-Link) sampling at 128Hz. Five key locations for mounting the accelerometers were identified from the literature [10] , [18] , [20] , namely the ankle, knee, waist, elbow and wrist; these locations are illustrated in Fig. 1 . The exact positions were defined with reference to physiological markers (for example bone and joint positions). Accelerometers were mounted using a Velcro strap (similar to a sweatband), as illustrated in Fig. 1 . While this allowed some movement of the device, this is not dissimilar to variation encountered by any wearable device mounted on the body which would likely be attached in a similar fashion. The accelerometers were attached by the researcher conducting the experiments.
To provide additional validation of our results, further acceleration data measured on the wrist, ankle and hip were obtained via The EH Network Data Repository (http://eh-network.org/data) [21] , and included in this analysis. These data were collected using a different protocol, for example the accelerometer had a greater volume and weight, and the treadmill was operated only at predefined speeds.
III. CALCULATING OBTAINABLE POWER
Once obtained using the method presented in Section II, triaxial acceleration data from different locations and activities were processed to estimate and analyze the power obtainable through inertial energy harvesting. This research does not consider specific energy harvesting devices. Therefore, to perform this analysis, the following assumptions are made:
• A linear resonant microgenerator is considered, allowing the fundamental equations for power [22] to be applied; • Individual frequency components of acceleration data are considered sinusoidal (and hence SHM can be assumed); • For simplicity, only frequency components at resonance are considered (equivalent to a high-Q microgenerator); • A 1-DOF microgenerator is considered to harvest energy from only motion along a single axis.
• A 2-DOF microgenerator is considered to be formed from two orthogonally-mounted 1-DOF generators. First, the power harvestable from a 1-DOF generator mounted in different orientations is estimated, thus also inferring the tolerance of existing microgenerators to variation in orientation. This analysis, described in Section III-A, allows easy interpretation of the data in different orientations. As explained in Section III-B, this method is not suitable for comparing the relative performance of both a 1-DOF and 2-DOF microgenerator, hence an alternative method (for which results are not as intuitively interpretable) is proposed.
A. Analyzing the Effect of Orientation
Initially, the acceleration vector a (t) [ms −2 ] is formed from the output of the triaxial accelerometer as shown in (1), wherê x,ŷ andẑ are unit vectors aligned with the accelerometer axes.
To evaluate different microgenerator orientations, a unit vectorp is created (2):
This vector represents the direction along which energy is harvested by a 1-DOF microgenerator (its 'sensitive' direction), as illustrated by Fig. 2 . The vectorp is defined by angles β and φ [degrees], defined by (3) and (4):
A 5°increment is chosen to balance angular resolution with the time required to perform the complete analysis. By taking the scalar product of (1) and (2), the acceleration vector a is projected onto the direction ofp, as shown in (5).
This provides a measure of the magnitude of the acceleration in the sensitive axis of the microgenerator, where a = a .
Next, a is transformed into the frequency domain using an FFT, following which the frequency axis is split into discrete 
Finally, the theoretical power obtainable in each frequency band can be calculated using (6) , where m is the generator mass [kg] and ξ T is the total damping ratio. In this paper, the term relative power [W/kg] is used for ease of comparison, and is defined with m/ξ T set to unity (7) .
For any one dataset obtained (for example, 30 seconds of acceleration data from a single participant's ankle while running) a direction, max p , will be identifiable in which maximum relative power, max(P r ), is generated. Both of these values will vary between participants; for example an individual who has more pronounced movements would expect to have comparatively larger acceleration magnitudes. In order to permit effective comparison of orientation between participants, a concept of normalized power is introduced (8) .
Hence, for each dataset, the normalized power shows how much power an individual is generating with respect to the maximum that they are capable of. 
B. The Effect of Rotation in 2-DOF Microgenerators
The analysis method shown Section A allows for easy interpretation of the effect of orientation on a 1-DOF microgenerator, as the influence of β and φ intuitively map to the microgenerator's sensitive directionp. However, to fully evaluate the effect of rotation on a 2-DOF microgenerator, consideration of an additional axis of oscillation is necessary.
As with the previous method, the output of the triaxial accelerometer is mapped to an acceleration vector a, and angles β and φ define a unit vectorp. However, the acceleration vector a is now projected onto the plane perpendicular to the unit vectorp as a p [ms −2 ] (9), as illustrated by Fig. 3 .
Next, a unit vectorr 0 (representing the sensitive direction of the harvester) is defined on this plane (10), (11) , wherê y is the unit vector along the y-axis and p z is the component of the unit vectorp in the z-axis.
The unit vectorr 0 is subsequently rotated about the normal vectorp by an angle θ [degrees] such that:
where R θ is a rotation matrix used to rotate counterclockwise about the vectorr 0 by the angle of θ [degrees], defined by (13):
A 10°increment is chosen to balance angular resolution with the time taken for analysis. The projected acceleration vector a p is subsequently projected ontor using (14) : This provides a measure of the magnitude of the acceleration in the sensitive axis of the microgenerator. From this, the data is transformed into the frequency domain and analyzed in discrete frequency bands as described by (6)- (8) in Section A.
In the case of a 2-DOF microgenerator, it is assumed that the two sensitive axes are perpendicular to each other. Hence, the obtainable power is calculated assuming that the second sensitive axis is offset by a rotation of 90 degrees on the plane, as shown by (15) . The relative power obtainable from the 2-DOF microgenerator, P r , is the sum of powers available from each of the projected accelerations a 1 and a 2 .
This section has presented the methods for evaluating acceleration data in order to analyze the effect of harvester orientation on obtainable power. The following section provides results and observations from analyzing collected acceleration data using these methods.
IV. RESULTS AND OBSERVATIONS
This section discusses the results obtained through the experimental method and analysis techniques outlined in the previous sections. First, the results of the 1-DOF analysis are presented, followed by those of the 2-DOF analysis.
A. 1-DOF Generator
Using the collected data, the effect of 1-DOF harvester orientation was explored; the ankle location is used to illustrate this analysis process. Fig. 4 shows the median (across the entire sample population) relative power, P r , that is obtainable with different harvester orientations. This illustrates that, as expected, the most energy can be harvested along the y-axis, i.e. the direction in which the foot moves.
Consider, as an illustration, that a cross-section is taken through the z = 0 plane. The resulting cross-section is plotted Normalized power obtainable (in the XY plane, rotating about angle φ) from the ankle while walking, showing the median normalized power P n (marked by filled circles) and interquartile range (IQR, denoted by thick lines).
in Fig. 5 , where the median relative power P r is marked by filled circles, the interquartile range (IQR) is denoted by the thick lines, and the individual data for each member of the sample population are shown by thin, light grey lines. It is clear from the IQR that significant variation between participants is observed, hence limiting the ability to identify a statistically relevant 'optimal' orientation. However, while the magnitude of each P r trace varies considerably, the 'shape' of each remains reasonably consistent. The P r trace derived from the EH Network Data Repository [21] is shown by the dashed line, showing good correlation with our experimentally obtained data.
In Section III.A, we introduced the concept of normalized power. Comparing relative and normalized powers:
• Relative power is a measure of how much power an individual can harvest with a particular generator orientation, compared to everyone else in the population.
• Normalized power is a measure of how much power an individual can harvest with a particular generator orientation, compared to the best orientation for themselves. Fig. 6 plots the same dataset as Fig 5 ( i.e. acceleration in the XY plane, at the ankle during walking), but plotting the normalized power, P n , rather than the relative power, P r . In Fig. 6 , filled circles represent the median normalized power across the population, while thick lines denote the IQR. This clearly shows that the IQR (and hence variation across the population) is considerably smaller for P n compared to P r .
While Fig. 6 shows only the normalized power in the XY plane, Fig. 7 shows all possible orientations in 3-D space, through the vector defined by φ and β (the data on Fig. 6 can be seen on Fig. 7 where β = 0) . The four repetitions of the peak can be expected, as the generator is sensitive to both 'backwards' and 'forwards' movements (hence duplicated by the regions 180 ≤ φ < 360 and 180 ≤ β < 360). Through this analysis, it can be found that the preferred orientation (for our sample population), for a 1-DOF microgenerator mounted on the ankle, is φ = 10°± 20°and β = 170°± 20°. The tolerance on these indicates the acceptable deviation from this optimal orientation before the median P n drops by more than 10% (an arbitrary value chosen to indicate a noticeable drop in output power). This chosen orientation provides a combination of both high output power and angular sensitivity.
The preceding analysis has illustrated how the experimental process and analyses allow the investigation of optimal orientation for a 1-DOF energy harvester mounted on the ankle of a person walking, where only accelerations between 0.5-1 Hz were considered. However, as described in Section II, the experiments and analysis were also repeated for other exercises, locations on the body, and frequency ranges. Fig. 8 presents the median of the relative power P r , obtainable in an optimal orientation, that can be harvested from different locations on the body. It also indicates the frequency band where the greatest output power was obtainable. Significant variation in relative power along the optimal orientations can be observed, which could be attributed to poor correlation between participants (as illustrated in Figs. 5 and 6 ).
When walking (Fig 8a) , locations on the lower body (ankle and knee) generate a median relative power of 232-328 mW/kg, while location on the upper body (waist, elbow and wrist) generate 25-92 mW/kg. This illustrates that the harvestable output power from locations on the lower body is an order of magnitude higher than those on the upper body, due to the body's greater damping and reduced movement at locations closer to the head. When running (Fig. 8b) , the relative power at the five locations is significantly increased, with a median relative power of 921-2590 mW/kg. The distinction between upper-and lower-body locations is less pronounced, as the upper body undergoes increased movement during vigorous activities.
For each location, Fig. 8 also shows the frequency range that the maximum relative power was available within. While running, the predominant frequency is 1.32Hz on the lower body and 2.64Hz on the upper body. This factor-of-two difference is because, on the upper body, the acceleration is a result of both feet striking the ground, and is hence at the step frequency. However, on the lower body, acceleration is a result of a single limb (where the generator is mounted on) impacting with the ground, and hence is at half the step frequency.
B. 2-DOF Generator
To investigate whether or not 2-DOF generators can improve the tolerance of a device to orientation and hence misalignment, a comparison between 1-DOF and 2-DOF inertial harvesters was made. Fig. 8 presents the median of the relative power from both 1-DOF and 2-DOF generators for comparison. The results show that use of a 2-DOF generator does not significantly increase the harvestable relative power, producing an average of only 18% greater power than the 1-DOF equivalent. This is intuitive in the exercises considered by this study, as it can be seen from Figs 6 and 7 that rotation by 90 degrees generally moves from a maximum to a minimum harvestable power.
However, the hypothesis of this work was not that a 2-DOF generator would provide greater power output, but that it would allow greater tolerance to rotation and misalignment. We use the term angular tolerance to refer to the sensitivity of a device's harvestable power to orientation, and define it as the percentage of orientations which result in a harvestable power that is ≥90% of the maximum relative power. Therefore, a larger angular tolerance reflects a potential to provide the rated power output despite deviating from the optimal orientation through misalignment and/or biomechanical variability. For comparison, the angular tolerance at different locations and exercises (considering only the predominant frequency band) for 1-DOF and 2-DOF generators is shown in Fig. 9 . The results show that the angular tolerance of 2-DOF generators is 3-10× greater than that of 1-DOF generators. Across all locations and exercises, the 1-DOF generator provides an average tolerance of 6%, whereas the 2-DOF case provides a tolerance of 40%; this represents a 6× improvement.
For completeness, Table 2 presents the normalized power, P n , obtainable from both 1-DOF and 2-DOF generators at all locations and exercises considered. For ease of comparison, the normalized power from a 2-DOF generator is normalized to the maximum relative power obtainable from their 1-DOF equivalent. Hence, a value exceeding 100% represents a 2-DOF generator which can harvest greater power than a 1-DOF generator. Results are shown for each of the frequency bands considered, and only the normalized power in the best orientation are included. The highlighted cells indicate the frequency band where the highest relative output power was generated, i.e. the results plotted in Fig. 9 . In agreement with our previous conclusion, it can be clearly observed that a 2-DOF generator will provide a relatively small increase in output power compared to a 1-DOF generator, but will do so with significantly greater tolerance to variation in orientation.
V. CONCLUSIONS AND FUTURE WORK
This paper presented the results of an investigation into the effect of orientation, location and human activity on generated power. Our results correlate with those of both intuition and previous research, suggesting that 1) more vigorous activities/exercises result in greater harvested power (for example, running compared to walking), and 2) locations on the lower body provide more harvestable power (at least for exercises such as walking and running, where the lower-body experiences more energetic movement). It should be noted that, in the latter case, this effect is more pronounced during walking (where motion of the upper body is heavily damped) than running (where the upper body moves vigorously).
We have also shown, through substantial analysis, that harvestable power is significantly affected by rotation and misalignment, and hence proposed that 2-DOF generator designs have potential to reduce this effect. Our analysis and results indicate that 2-DOF generators do not provide significantly greater output power but, as suggested, can improve the tolerance to rotation by up to an order of magnitude.
We are currently validating the analytical results presented in this paper, by experimentally comparing the power output from both a 1-DOF and 2-DOF wearable energy harvester. To enable these experiments, we have designed and fabricated a low-frequency 1-DOF generator capable of harvesting energy from the low-frequency movement of the human body [23] , and two of these can be mounted orthogonally to form a 2-DOF generator. We are planning to evaluate the power output of both configurations at the different locations on the body, orientations and exercises presented in this paper, and will report on our findings in the future.
